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We calculate the single transverse spin asymmetry ANðtÞ, for inclusive neutron production in pp
collisions at forward rapidities relative to the polarized proton in the energy range of RHIC. Absorptive

corrections to the pion pole generate a relative phase between the spin-flip and nonflip amplitudes, leading

to a transverse spin asymmetry which is found to be far too small to explain the magnitude of AN observed

in the PHENIX experiment. A larger contribution, which does not vanish at high energies, comes from the

interference of pion and a1-Reggeon exchanges. The unnatural parity of a1 guarantees a substantial phase
shift, although the magnitude is strongly suppressed by the smallness of diffractive !p ! a1p cross

section. We replace the Regge a1 pole by the Regge cut corresponding to the !" exchange in the 1þS
state. The production of such a state, which we treat as an effective pole a, forms a narrow peak in the 3!
invariant mass distribution in diffractive !p interactions. The cross section is large, so one can assume

that this state saturates the spectral function of the axial current and we can determine its coupling to

nucleons via the partially conserved axial-vector-current constraint Goldberger-Treiman relation and the

second Weinberg sum rule. The numerical results of the parameter-free calculation of AN are in excellent

agreement with the PHENIX data.
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I. INTRODUCTION

The single transverse spin asymmetry of neutrons was
measured recently by the PHENIX experiment at RHIC [1]
in pp collisions at energies

ffiffiffi
s

p ¼ 62, 200 and 500 GeV.
The measurements were performed with a transversely
polarized proton beam and the neutron was detected at
very forward and backward rapidities relative to the polar-
ized beam. Preliminary results are depicted in Fig. 1. An
appreciable single transverse spin asymmetry was found in
events with large fractional neutron momenta z. The data
agree with a linear dependence on the neutron transverse
momentum qT , and different energy match well, what
indicates at an energy independent ANðqTÞ.

Usually polarization data are more sensitive to the
mechanisms of reactions than the cross section. Below
we demonstrate that the large magnitude of the single
transverse spin asymmetry of forward neutrons discovered
in [1], reveals a new important mechanism of neutron
production ignored in all previous studies of the reaction
cross section.

At the same time, neutrons produced with xF < 0 show a
small asymmetry, consistent with zero. This fact is ex-
plained by the so called Abarbanel-Gross theorem [2]
which predicts zero transverse spin asymmetry for
particles produced in the fragmentation region of an un-
polarized beam. This statement was proven within the
Regge pole model illustrated in Fig. 2. The amplitude
of the reaction p " þp ! X þ n squared, Fig. 2(a), is
related by the optical theorem with the triple-Regge graph

in Fig. 2(b). According to Regge factorization the proton

spin can correlates only with the vector product, [ ~k% ~k0],
of the proton momenta in the two conjugated amplitudes,
as is shown in Fig. 2(b). According to the optical theorem

these momenta are equal, ~k ¼ ~k0, so no transverse spin
correlation is possible. Regge cuts shown in Fig. 2(c)
breakdown this statement, but the magnitude of the gained
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FIG. 1 (color online). Single transverse spin asymmetry AN in
the reaction pp ! nX, measured at

ffiffiffi
s

p ¼ 62, 200, 500 GeV [1]
(preliminary data). The asterisks show the result of our calcu-
lation, Eq. (40), which was done point by point, since each
experimental point has a specific value of z (see Table I).

PHYSICAL REVIEW D 84, 114012 (2011)

1550-7998=2011=84(11)=114012(8) 114012-1 ! 2011 American Physical Society



p↑p Forward Neutron AN

3

Spin non-flipSpin flip

AN ≈
φnon− flip
* φ flipδ

φnon− flip
2
+ φ flip

2

Neutron Neutron



p↑p Forward Neutron AN

4

Spin non-flipSpin flip
Neutron Neutron

π+ a1

a1 Reggeon 
Spin Parity = 1+d

n

+

n + π+ component of 
proton GS contributes 



p↑p Forward Neutron AN

Single transverse spin asymmetry of forward neutrons

B. Z. Kopeliovich, I. K. Potashnikova, and Iván Schmidt
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Atomic Mass Number Dependence

•  Isospin Symmetry 
•  Surface Structure of 

Nucleus 
•  QED Process 
•  Gluon Saturation 
•  else 

# of proton # of neutron

p 1 0

Al 13 14

Au 79 118
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Surface Effect of Nucleus
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QED Process 
Ultra Peripheral Collision (UPC)
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Ultra Peripheral Collision
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Event Generation of UPCs
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Weizsacker-Williams method!
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The LHCf experiment
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ATLAS/LHCf
LHCb/MoEDAL 

CMS/TOTEM

ALICE

Charged particles

Neutral particles
Beam pipe

Protons

140m

p Pb

Measurement of  

25mm 
32mm 

• Inclusive photons 
• Inclusive π0 
• Inclusive neutron 

at the zero degree of collisions 
for testing  hadron interaction 
models used in CR air shower 
simulation.
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Scattering Angle Distribution of Neutrons 
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High concentration of 
neutrons, seen in LHCf 

data is well reproduced by 
MC of UPCs, especially  
p+Pb→Δ+Pb→n+π+ + Pb 

For testing interaction models, 
QDC contribution must be extracted from the measured results.  
    UPC <= Background, factor 10 higher than signal at 0 degree. 
    How it can be rejected (reduced) experimentally ?
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Scattering Angle Distribution of Neutrons 
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For testing interaction models, 
QDC contribution must be extracted from the measured results.  
    UPC <= Background, factor 10 higher than signal at 0 degree. 
    How it can be rejected (reduced) experimentally ?

PHENIX ZDC

Δx ~ 1cm

LHCf

Δx ~ a few mm

The ZDC acceptance doesn’t reach QCD dominant region.
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Abstract We present a study of hadron production in the1

forward rapidity region in ultra-peripheral proton–lead (p+2

Pb) collisions at the LHC and proton–gold (p + Au) col-3

lisions at RHIC. The present paper is based on the Monte4

Carlo simulations of the interactions of a virtual photon emit-5

ted by a fast moving nucleus with a proton beam. The sim-6

ulation consists of two stages: the STARLIGHT event gener-7

ator for the simulation of the virtual photon flux, which is8

coupled to the SOPHIA, DPMJET, and PYTHIA event genera-9

tors for the simulation of particle production. According to10

the Monte Carlo simulations, we find large cross sections of11

ultra-peripheral collisions for particle production, especially12

in the very forward region. We show the rapidity distribu-13

tions of charged and neutral particles, and the momentum14

distributions of neutral pions and neutrons at forward rapidi-15

ties. These processes lead to substantial background contri-16

butions in the investigations of collective nuclear effects and17

spin physics. Finally we propose a general method to distin-18

guish between proton–nucleus (p+A) inelastic interactions19

and ultra-peripheral collisions by requiring cuts on charged-20

particles multiplicity at mid-rapidity or neutron activity at21

negative forward rapidity.22

1 Introduction23

High-energy p+A collisions can be classified into the24

following two categories according to the impact parameter25

b. In the first category, p+A collisions occur with geomet-26

rical overlap of the colliding proton and nucleus, where the27

impact parameter is smaller than the sum of the radii of each28

particle, namely, b < R

p

+R

A

(R
p

and R

A

are the radius of29

the proton and nucleus, respectively.) The second category30

is characterized by the impact parameter exceeding the sum31

of the two radii, b > R

p

+R

A

; thus, there is no geometrical32

ae-mail: gaku.mitsuka@cern.ch

overlap between the colliding hadrons. Therefore, hadronic33

interactions are strongly suppressed. Nevertheless, virtual34

photons emitted from one of the two colliding hadrons may35

interact with another hadron. This process is usually referred36

as ultra-peripheral collision (UPC, see Ref. [1,2] for a re-37

view).38

The use of UPCs has so far been addressed in the deter-39

mination of the gluon distribution in protons and nuclei. For40

example, photoproduction of quarkonium in ultra-peripheral41

p+A collisions can be a probe to high, or possibly saturated,42

parton density in protons at small Bjorken-x (i.e., small par-43

ton momentum fraction of the momentum of protons). There44

indeed exist measurements of exclusive J/y photoproduc-45

tion at the CERN Large Hadron Collider (LHC), namely,46

p+Pb ! p+Pb+J/y [3]. Conversely, particle production47

in general photon–proton interactions, i.e., g + p ! X , in48

UPCs has been paid less attention, nevertheless we should49

deal carefully with such particle production in the investiga-50

tion of collective nuclear effects. Because a large cross sec-51

tion is expected, this process in UPCs provides significant52

background events to pure p+A inelastic interaction events53

(hereafter “hadronic interaction”, unless otherwise noted)54

utilized for such investigations. Indeed, a sizable cross sec-55

tion was obtained for hadron production in ultra-peripheral56

d + Au collisions [4], which amounted to ⇠ 10% of the57

d +Au inelastic cross section. However, in Ref. [4], only58

the cross section of UPCs was presented, and the discussion59

of the rapidity and momentum distributions of the UPC in-60

duced events was unfortunately neglected.61

In this paper, we discuss the effects of particle produc-62

tion by g + p interaction in ultra-peripheral p+A collisions63

compared to the measurements of hadronic interactions in64

terms of the rapidity and momentum distributions, especially65

in forward rapidity regions at the LHC and the BNL Rela-66

tivistic Heavy Ion Collider (RHIC). Concerning p+Pb col-67

lisions at
p

s

NN

= 5.02TeV at the LHC, we perform the68

14

UPC : SOPHIA 

3

below the sum of the effective radii of colliding particles152

(⇠ 8fm for both p+Pb and p+Au collisions), and Phad(b)153

rapidly approaches zero below 8fm. The photon energy Eg154

in the simulation ranges from slightly above the photopion155

production threshold, i.e., E

min
g = 0.16GeV, to E

max
g . E

max
g is156

obtained by g/b

min and then amounts to 700TeV for p+Pb157

collisions at the LHC and 1.1TeV for p+Au collisions at158

RHIC.159

2.2 Simulation of low-energy photon–proton interaction160

The particle production by the interaction of a low-energy161

photon with a proton is simulated by the SOPHIA 2.1 event162

generator [11]. In SOPHIA, particle production via baryon163

resonances, direct pion production, and multiparticle pro-164

duction are taken into account. For the baryon resonances,165

the known resonances from D(1232) to D(1950) are con-166

sidered with their physical parameters. The resonance de-167

cay is supposed to occur isotropically according to the phase168

space. Non-diffractive interaction, which is implemented based169

on the dual parton model [22], dominates at Eg & 2GeV170

and the fraction of this interaction increases with energy.171

Diffractive interaction is implemented as the quasi-elastic172

exchange of a reggeon or pomeron between virtual hadronic173

states of the photon and the proton. The SOPHIA model is174

used for the UPC simulations, with the photon energy rang-175

ing from E

min
g to E

cut
g . E

cut
g is the cut off energy for techni-176

cally switching SOPHIA and the other generators for high-177

energy interaction.178

Here we emphasize that, first, the simulation with the179

photon energy Eg . 0.5GeV is crucial for producing low180

transverse-momentum (pT) UPC induced events that dom-181

inate in the very forward region in the detector reference182

frame (explained in Sect. 3.3), second, SOPHIA can simu-183

late the interaction of such a low-energy photon with a pro-184

ton above the photopion production threshold, and finally,185

the newly developed interface to SOPHIA is introduced into186

STARLIGHT that is not originally coupled to SOPHIA. The187

interface provides the two functions; first, the information188

on the simulated photon by STARLIGHT is transferred to189

SOPHIA, and second, the information on the produced parti-190

cles after the simulation of the g + p interaction are returned191

from SOPHIA to STARLIGHT for the the latter processes, e.g.,192

the Lorentz boost, listing of the produced particles, etc.193

2.3 Simulation of high-energy photon–proton interaction194

At the photon energy Eg > E

cut
g , we perform the simula-195

tion of g + p interactions by using either PYTHIA 6.428 or196

DPMJET 3.05. STARLIGHT has its own interface to the both197

event generators.198

Table 1 Summary of the event generators for g+ p interactions and the
cut off energies. “Low-energy” and “High-energy” in the table indicate
the energy regions E

min
g <Eg <E

cut
g and E

cut
g <Eg <E

max
g , repectively.

g + p interactions
Low-energy High-energy E

cut
g

SOPHIA+PYTHIA SOPHIA 2.1 PYTHIA 6.428 55GeV
SOPHIA+DPMJET SOPHIA 2.1 DPMJET 3.05 6GeV

In PYTHIA [15], high-energy photon interactions with199

a proton are classified into three different schemes [23]. Di-200

rect events describe the bare photon interaction with a parton201

from the proton, typically leading to high pT jets. In vector202

meson dominance (VMD) events, the photon fluctuates into203

a vector meson and then the vector meson interacts with the204

proton. This class includes low-pT events. Finally, general-205

ized VMD events are the interaction of a qq̄ pair fluctuated206

from the photon with a parton from the proton. Single pho-207

ton dissociation and single proton dissociation occur in the208

relatively low pT region. PYTHIA requires a simulated event209

that has a center-of-mass energy Wg+p

larger than 10GeV.210

This energy corresponds to the photon energy Eg = 55GeV.211

Thus SOPHIA and PYTHIA are employed for the simulation212

of a g + p interaction for the photon energy below and above213

E

cut,PYTHIA
g = 55GeV, respectively.214

DPMJET [13] is based on the two-component dual parton215

model. g + p interactions are especially implemented in the216

PHOJET MC event generator [24] inside DPMJET. In PHO-217

JET, the physical photon is described as a superposition of218

the bare photon and virtual hadronic photon. The bare pho-219

ton directly interacts with partons from the proton. The vir-220

tual hadronic photon first fluctuates into a qq̄ pair and then221

hadronically interacts with the proton. Both single photon222

dissociation and single proton dissociation are also taken223

into account. DPMJET requires E

cut,DPMJET
g = 6GeV, which224

equals to the lowest energy guaranteed by the model. Thus,225

SOPHIA and DPMJET are employed for the simulation of a226

g + p interaction for the photon energy below and above227

6GeV, respectively.228

As is summarized in Table 1, we have two types of UPC229

simulations: the first one is the simulations of photohadron230

production performed by SOPHIA and PYTHIA with the cut231

off energy E

cut,PYTHIA
g = 55GeV, and the second one is per-232

formed by SOPHIA and DPMJET with E

cut,DPMJET
g = 6GeV.233

2.4 Simulation of hadronic interaction234

In the study of this paper, the DPMJET generator is used235

for the MC simulation of hadronic interactions, which in-236

clude non-diffractive and diffractive interactions but do not237

include elastic scattering. The multiple scattering process in238

the interaction with a nuclear target, which causes nuclear239
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in the simulation ranges from slightly above the photopion155

production threshold, i.e., E

min
g = 0.16GeV, to E

max
g . E

max
g is156

obtained by g/b

min and then amounts to 700TeV for p+Pb157

collisions at the LHC and 1.1TeV for p+Au collisions at158

RHIC.159

2.2 Simulation of low-energy photon–proton interaction160

The particle production by the interaction of a low-energy161

photon with a proton is simulated by the SOPHIA 2.1 event162

generator [11]. In SOPHIA, particle production via baryon163

resonances, direct pion production, and multiparticle pro-164

duction are taken into account. For the baryon resonances,165

the known resonances from D(1232) to D(1950) are con-166

sidered with their physical parameters. The resonance de-167

cay is supposed to occur isotropically according to the phase168

space. Non-diffractive interaction, which is implemented based169

on the dual parton model [22], dominates at Eg & 2GeV170

and the fraction of this interaction increases with energy.171

Diffractive interaction is implemented as the quasi-elastic172

exchange of a reggeon or pomeron between virtual hadronic173

states of the photon and the proton. The SOPHIA model is174

used for the UPC simulations, with the photon energy rang-175

ing from E

min
g to E

cut
g . E

cut
g is the cut off energy for techni-176

cally switching SOPHIA and the other generators for high-177

energy interaction.178

Here we emphasize that, first, the simulation with the179

photon energy Eg . 0.5GeV is crucial for producing low180

transverse-momentum (pT) UPC induced events that dom-181

inate in the very forward region in the detector reference182

frame (explained in Sect. 3.3), second, SOPHIA can simu-183

late the interaction of such a low-energy photon with a pro-184

ton above the photopion production threshold, and finally,185

the newly developed interface to SOPHIA is introduced into186

STARLIGHT that is not originally coupled to SOPHIA. The187

interface provides the two functions; first, the information188

on the simulated photon by STARLIGHT is transferred to189

SOPHIA, and second, the information on the produced parti-190

cles after the simulation of the g + p interaction are returned191

from SOPHIA to STARLIGHT for the the latter processes, e.g.,192

the Lorentz boost, listing of the produced particles, etc.193

2.3 Simulation of high-energy photon–proton interaction194

At the photon energy Eg > E

cut
g , we perform the simula-195

tion of g + p interactions by using either PYTHIA 6.428 or196

DPMJET 3.05. STARLIGHT has its own interface to the both197

event generators.198

Table 1 Summary of the event generators for g+ p interactions and the
cut off energies. “Low-energy” and “High-energy” in the table indicate
the energy regions E

min
g <Eg <E

cut
g and E

cut
g <Eg <E

max
g , repectively.

g + p interactions
Low-energy High-energy E

cut
g

SOPHIA+PYTHIA SOPHIA 2.1 PYTHIA 6.428 55GeV
SOPHIA+DPMJET SOPHIA 2.1 DPMJET 3.05 6GeV

In PYTHIA [15], high-energy photon interactions with199

a proton are classified into three different schemes [23]. Di-200

rect events describe the bare photon interaction with a parton201

from the proton, typically leading to high pT jets. In vector202

meson dominance (VMD) events, the photon fluctuates into203

a vector meson and then the vector meson interacts with the204

proton. This class includes low-pT events. Finally, general-205

ized VMD events are the interaction of a qq̄ pair fluctuated206

from the photon with a parton from the proton. Single pho-207

ton dissociation and single proton dissociation occur in the208

relatively low pT region. PYTHIA requires a simulated event209

that has a center-of-mass energy Wg+p

larger than 10GeV.210

This energy corresponds to the photon energy Eg = 55GeV.211

Thus SOPHIA and PYTHIA are employed for the simulation212

of a g + p interaction for the photon energy below and above213

E

cut,PYTHIA
g = 55GeV, respectively.214

DPMJET [13] is based on the two-component dual parton215

model. g + p interactions are especially implemented in the216

PHOJET MC event generator [24] inside DPMJET. In PHO-217

JET, the physical photon is described as a superposition of218

the bare photon and virtual hadronic photon. The bare pho-219

ton directly interacts with partons from the proton. The vir-220

tual hadronic photon first fluctuates into a qq̄ pair and then221

hadronically interacts with the proton. Both single photon222

dissociation and single proton dissociation are also taken223

into account. DPMJET requires E

cut,DPMJET
g = 6GeV, which224

equals to the lowest energy guaranteed by the model. Thus,225

SOPHIA and DPMJET are employed for the simulation of a226

g + p interaction for the photon energy below and above227

6GeV, respectively.228

As is summarized in Table 1, we have two types of UPC229

simulations: the first one is the simulations of photohadron230

production performed by SOPHIA and PYTHIA with the cut231

off energy E

cut,PYTHIA
g = 55GeV, and the second one is per-232

formed by SOPHIA and DPMJET with E

cut,DPMJET
g = 6GeV.233

2.4 Simulation of hadronic interaction234

In the study of this paper, the DPMJET generator is used235

for the MC simulation of hadronic interactions, which in-236

clude non-diffractive and diffractive interactions but do not237

include elastic scattering. The multiple scattering process in238

the interaction with a nuclear target, which causes nuclear239

QCD : DPMJET



Rapidity Distributions by MC

15

UPC Process
QCD Process

Minjung’s cut@ZDC

6.8 < ZDC acceptance < 8.2 

Neutral particle yields are in the 
similar order between QCD and 
UPC 



UPC Neutron Raw Spectrum

•  Energy profile is biased towards 
higher energy side than QCD 
one as Boris predicted. 

•  Rapidity distribution looks skinner 
than Gaku’s draft.

ZD
C



UPC π+ (β>0.7) kinematics

BBC

•  Most of UPC events decay 
into two bodies (n+π+  from Δ) 

•  Very little make it to BBC 
acceptance. 

•  Most of pions will escaped 
through BBC hole.

psudo rapidity

π+

n



Can we identify UPC events?

18

BBC
η = 3.1η = 3.9

Δ ZDC

Dipole

n

π+

Most of decayed pions 
go through BBC hole and 
will be swept away by 
the dipole magnet (DX). 

Simulation by 
Gaku Mitsuka

Very little coincidence 
measurements of final 
state from resonance.

BBC

π+ Rapidity

ηπ distribution of n+π+ events  



Asymmetry Induced by Δ

19

p

e

n
π+

p e

e

p e

e

Δ

αEM

e'

Transversely 
polarized fixed 
proton target

Polarized Delta
Asymmetric 
neutron decay 
from polarized Δ

So far, I haven’t heard such an experiments in electron facilities



UPC Summary
•  LHCf claims there is distinctively large 

forward neutron production near zero 
degree in p-Pb 

•  Neutrons are mostly decayed from Δ 
excitation of forward going proton 

•  About ½ of photon yields of LHCf is 
expected in RHIC p-Au. 

•  Majority of decayed counterpart π flies 
through BBC beam hole (undetected). 

•  Don’t aware of experimental evidence of 
large A_N induced by UPC alone.

20



AN ≈ φ flip
* φnon− flip

φ flip = φ flip
EM

+φ flip
had

φnon− flip = φnon= flip
EM

+φnon− flip
had

AN ≈ φ flip
EM*

+φ flip
had*( ) φnon= flipEM

+φnon− flip
had( )

= φ flip
EM*φnon− flip

had δ +φ flip
had*φnon= flip

EM δ +φ flip
EM*φnon= flip

EM δ +φ flip
had*φnon− flip

had δ

Full Description

For pp:  

δ : relative phase of amplitudes

AN ≈ φ flip
had*φnon− flip

had δ φ EM → 0

Elastic (polarimeter)



Coulomb-‐‑‒Nuclear Interference(CNI)

π+

t 　→ 0

π+

22

AN = φ flip
EM*φnon− flip

had δ +φ flip
had*φnon= flip

EM δ +φ flip
EM*φnon= flip

EM δ +φ flip
had*φnon− flip

had δ

More terms to be considered. Possibly leads to large asymmetry. 
Each EM amplitude would be proportional to Z.



CNI

23



RHIC	  CNI	  Polarimeter	

Polarized proton Recoil carbon 

90º in Lab frame 

Carbon target 

↓↑
LL NN or  

↓↑
RR NN or  

↓↑ or

24 

Elastic polarized proton-Carbon/proton scattering 

(Detected)

(Undetected)



Analyzing Power AN for polarimeter 

zero hadronic  
spin-flip 

With hadronic  
spin-flip (E950) 

Phys.Rev.Lett.,89,052302(2002) 

pC Analyzing Power 

Pomeron 

QED: Calculable 
25 

t->0



AN at Coulomb Nuclear Interference (CNI) Region 

€ 

AN ≈ C1φ flip
em *φnon− flip

had + C2φnon− flip
em *

φ flip
had

€ 

∝ σ pC
had

€ 

∝ (µp −1)

€ 

∝αs t Pomeron 
Pomerion/Reggeon 
Exchange 

zero hadronic  
spin-flip 

With hadronic  
spin-flip (E950) 

Phys.Rev.Lett.,89,052302(2002) 

pC Analyzing Power 

Ebeam = 21.7GeV 

(High energy & small t limit) 

Ebeam = 100 GeV 

unpublished 

26 



Analyzing Power: 𝐴𝑁(�⃗� + 𝐴) 23 

Atomic hydrogen polarization 𝑃 = 96% 

Molecular component 𝑅𝐻2 = 3% (by mass) 

Global uncertainty from target polarization not included 

−𝑡-range can be extended with punch-through protons Slide from Oleg Eyser (The 2015 PSTP workshop) 

Run15 HJet results
ZDC t range runs further out 
t~0.02 - 0.5 (GeV/c) 2 

 peaked at ~0.07 (GeV/c) 2. 



Underlying Mechanism Comparison

p

p,A

π+,a1, .. 

n p

p,A

p

28

Pomeron

p,A

Polarimeter Forward n

ΔI  =1 ΔI  =  0

Inelastic Elastic

√s = 200 GeV √s = 14 GeV



Coulomb-‐‑‒Nuclear Interference

π+

p

A
π+

n

π+

A

Pion cloud

elastic

t 　→ 0

p

A

n
π+

p e

e

p e

e
Δ

Z2

π+

A

Same Final State



AN at Coulomb Nuclear Interference (CNI) Region 

€ 

AN ≈ C1φ flip
em *φnon− flip

had + C2φnon− flip
em *

φ flip
had

€ 

∝ σ pC
had

€ 

∝ (µp −1)

€ 

∝αs t Pomeron Elastic pp/pA (High energy & small t limit) 

30 

φ em
flip φ had

non-flip φ em
non-flip φ had

flip

Elastic Pomeron

neutron     +Δ ? a1 + Δ ? π+
€ 

∝αs t

€ 

∝ σ pC
had

€ 

∝ (µp −1)

€ 

∝αs t

€ 

∝ (µp −1)



Coulomb-‐‑‒Nuclear Interfarence

π+

p

A
π+

n

π+

A

Pion cloud

elastic

t 　→ 0

p

A

n
π+

p e

e

p e

e
Δ

Z2

π+

A

Same Final State 31

αEM



CNI Summary

•  The interference between QED 
process and strong force could open 
up possibility to larger asymmetry 

•  Similar behavior between CNI 
polarimeters  may indicates the 
interference, but yet conclusive.

32



Trigger Dependent AN

33

As soon as BBC is required, the A-Dependence becomes moderate.

!" BBC#correlation

• ZDC3inclusive3
measurement



Can we identify UPC events?

34

BBC
η = 3.1η = 3.9

Δ ZDC

Dipole

n

π+

BBC requires this minor 
pion to be detected

UPC (QED) contribution 
becomes small

BBC

π+ Rapidity

ηπ distribution of n+π+ events  

AN = φ flip
EM*φnon− flip

had δ +φ flip
had*φnon= flip

EM δ +φ flip
EM*φnon= flip

EM δ +φ flip
had*φnon− flip

had δ

AN ≈ φ flip
had*φnon− flip

had δ φ EM → 0where



Trigger Dependence Summary

•  ZDCxBBC suppresses UPC contribution 
•  Contribution from EM term becomes 

small.  
•  AN is dominated by interference 

between strong force 
•  The difference in AN between ZDC and 

ZDCxBBC should be rather substational 
in large A (Z) nuclei.

35



ZDCxBBC AN and STAR pi0 



ZDC x BBC AN

•  The most simple final state will be n+π+ 
•  BBCxZDC is the subset of BBC inclusive event. 
•  It is possible to have finite AN by only 

detecting π+ in BBC.  If inclusive BBC is 
dominated by n+π+, then BBC AN will be 
similar to BBCxZDC 

BBC
η = 3.1η = 3.9

n ZDC

Dipole

n
π+p

ZDCBBC



Forward π0 AN

•  Another iso-spin alternative final state p+π0 can 
be described in similar framework (assumption). 

•  MPC pi0 are similar rapidity with BBC.  
•  AN gets larger at higher xF, but may be ~0.05 if 

statistically averaged becomes similar to 
BBCxZDC AN 



Diffractive process in pion cloud 
model

p

p
π+

n

π+

X

Pion cloud

BBC

ZDC p

p
π0

p

π0

X

Pion cloud

EMCal

Roman 
Pot

 

The proton ground state can be described as a super 
position of n+π+ and p+π0 states. I forgot relative 
strength between two states  though. 

Not sure if pi0 interfare with a1 reggion. May be different reggion.



STAR AN 

DIS  2014,  Warsaw,  Apr. 28-May 2, 
2014  

η = 1.09,2.0 
η = 2.6-4.2 

BEMC EEMC 
FMS 

η = -1.0,1.0 

central EMJets forward 
EMJets 

•  Case-I   : having no central jet 
•  Case-II  : having a central jet 

Jet	  algorithm	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  an2-‐kT,	  R	  =	  0.7	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pT

EM-‐Jet
	  >	  2.0	  GeV/c,	  	  -‐1.0<ηEM-‐Jet<2.0	  

Inputs	  for	  central	  EMJets	  :	  	  towers	  from	  BEMC	  and	  EEMC	  
Leading	  central	  EM-‐Jets	  	  	  :	  	  Jet	  with	  highest	  pT	  

Midrapidity EM Jets 

40 



AN vs. EM-Jet Energy 

π0-‐Jets	  –	  
2γ-‐EM-‐Jets	  	  with	  
	  	  	  	  	  mγγ	  <0.3	  
	  	  	  	  	  Zγγ	  <0.8	  
	  
	  
EM-‐Jets	  –	  	  
with	  no.	  photons	  >2	  
	  

²  Isolated	  π0’s	  have	  large	  asymmetries	  consistent	  with	  previous	  observa2on	  
(CIPANP-‐2012	  	  Steven	  Heppelmann)	  	  

h^ps://indico.triumf.ca/contribu2onDisplay.pycontribId=349&sessionId=44&confId=1383	  

²  Asymmetries	  for	  je>er	  events	  are	  much	  smaller	  

EM-Jet Energy (GeV)
40 50 60 70 80 90

NA

0

0.02

0.04

 > 0)
F

-Jets (x0/

 < 0)
F

-Jets (x0/

 > 0)
F

EM-Jets (x
 < 0)

F
EM-Jets (x

Graph

 = 500GeVs @ Bp+p
 > 2.0 GeV/c

T
EMJetp

STAR Preliminary

<4.0EMJetd2.8<

DIS  2014,  Warsaw,  Apr. 28-May 2, 
2014  41 

Similar to 

BBC 

acceptance 

3.1<eta<3.9



AN for different # photons in EM-Jets 
N

A

0

0.05
 

0

0.05
 

0

0.05
 

0

0.05
 

2 3 4 5 6

0

0.05  > 0Fx
 < 0Fx

 

STAR Preliminary

2 4 6 8

 

 

 

 

 (GeV/c)
T
EMJet   p

4 6 8

 

EM-Jet Energy = 40-60 GeV                              60-80 GeV                                       80-100 GeV no. photons =  1                  2                       3                     4                   5

²  1-photon events, 
which include a large 
π0 contribution in this 
analysis, are similar to 
2-photon events 

 
 
²  Three-photon jet-like 

events have a clear 
non-zero asymmetry, 
but substantially 
smaller than that for 
isolated π0’s 

²  AN decreases as the 
event complexity 
increases (i.e., the 
"jettiness” 

²  AN for #photons >5 is 
similar to that for 
#photons = 5 

DIS  2014,  Warsaw,  Apr. 28-May 2, 
2014  42 

Jettier events 



STAR’s Run15 Attempt

Trying to tag diffractive pi0 by taking coincidence with forward proton 
which stayed intact through collision.



Something similar to STAR Study
•  See AN dependence on BBC charge as 

Sasha suggested 
•  This more like seeing “diffractiveness”. 

Smaller the BBC charge, the charged 
particle is isolated-> diffractive process.  

•  If this attempt is really similar to what STAR 
did, then the asymmetry will get smaller 
as BBC charge gets larger at least in pp.

AN

BBC charge



Run16 More on Run-16

• Because of the budget uncertainties, ALD 
Berndt Mueller has asked how we might 
optimize, particularly if there’s a shorter run

• Jamie checked specifics with Chuyu Liu and 
Wolfram Fischer, and they’ve said this plan is 
reasonable for a 22 cryo-week run

• if the run is shorter, we may have to consider 
dropping one of the d+Au energies (e.g., 20 
GeV), and we need to evaluate options

• Says Chuyu Liu (C-AD run coordinator), 
“Coherent electron cooling is requesting 5 
days of dedicated running time at the end of 
run, which needs to be considered in the big 
picture.”

0.5 week cool-down

1.5 week setup for Au+Au @ 200 GeV

0.5 week ramp-up

10 week Au+Au @ 200 GeV

1 day system and energy switchover

2 week d+Au @ 20 GeV

0.5 week setup for d+Au @ 39 GeV

2 weeks d+Au @ 39 GeV

0.5 week setup for d+Au @ 62 GeV

1.5 week d+Au @ 62 GeV

0.5 week setup for d+Au @ 200 GeV

1.5 week d+Au @ 200 GeV

0.5 week warm up

21.5 week total cryo-weeks

45

•  No pp 
•  No plan to run H-Jet due to lack of 

man power 
•  Need to estimate if 1.5 week is 

sufficient to accumulate statistics

Analyzing Power: 𝐴𝑁(�⃗� + 𝐴) 23 

Atomic hydrogen polarization 𝑃 = 96% 

Molecular component 𝑅𝐻2 = 3% (by mass) 

Global uncertainty from target polarization not included 

−𝑡-range can be extended with punch-through protons 



BACKUP
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Proton Spin +1/2 

d



HESZ2015, Nagoya, Japan, 11 Sep. 2015 Hiroaki MENJO / 24

Hit Map of Hadron like events 

21

rad]µScattering angle [
0 100 200 300 400

sr
]

-1
2

 [e
ve

nt
s/

10
Ω

dN
/d

-110

1

10
ATLAS-LHCf Preliminary

 = 5.02 TeVNNsp+Pb, 
Hadron like, E > 500 GeV

w/o selection
>0seln

MC (UPC+QCD)
MC (QCD)

✓ Clear concentration at zero  
degree with events of nsel=0. 

✓  Similar distribution of nsel>0  
as one of MC (QCD)

}
}

Data with the event selection  
by number of tracks in ATLAS; nsel

MC with the selection  
by process 

Note) The sum of UPC and QCD simulations was 
normalized to all data in the range from 0 µrad to 120 µrad.

• Confirmed that the trigger exchange in 2013 operation was correctly done. 
• The joint analysis clearly helps to study the forward particle production  

with categorizing the type of interaction.    55



UPC Final States for forward 
neutron in ZDC

Dominated by two body decay Dominated by neutron + π+ system



p↑p Forward Neutron AN

57

Spin non-flipSpin flip
Neutron Neutron

π+ a1

AN ≈
φnon− flip
* φ flipδ

φnon− flip
2
+ φ flip

2 ≈
φnon− flip
* φ flipδ

σOPE

OPE : One Pion Exchangeφnon− flip
a1 << φ flip

π


